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Abstract
Background Reduction of apparent diffusion coefficient
(ADC)valuesinwhitematterisnotalwaysischaemic innature.
Methods We retrospectively analysed our MRI records featur-
ing reduced ADC values in the centrum semiovale without
grey matter involvement or significant vasogenic oedema.
Results Several conditions showed the aforementioned MR
findings: moose-horn lesions on coronal images in X-linked
Charcot-Marie-Tooth disease; small fronto-parietal lesions in
Menkes disease; marked signal abnormalities in the myeli-
nised regions in the acute neonatal form of maple syrup urine
disease; strip-like involvement of the corpus callosum in
glutaric aciduria type 1; persistent periventricular parieto-
occipital abnormalities in phenylketonuria; diffuse signal
abnormalities with necrotic evolution in global cerebral
anoxia or after heroin vapour inhalation; almost completely
reversible symmetric fronto-parietal lesions in methotrexate
neurotoxicity; chain-like lesions in watershed ischaemia;
splenium involvement that normalises in reversible splenial
lesions or leads to gliosis in diffuse axonal injury.
Conclusion Neuroradiologists must be familiar with these
Introduction
Diffusion-weighted imaging (DWI) is a relatively new
technique in which the image contrast mostly depends on
the random microscopic motion of water molecules in
tissues. DWI has been primarily applied in acute brain
ischaemia, which is characterised in its early phase by
cytotoxic oedema. Thanks to its sensitivity in detecting
hyperacute ischaemic strokes, DWI has gained a primary
role in routine brain MR protocols when dealing with acute
neurological syndromes. The frequent utilisation of DWI
has unexpectedly revealed peculiar signal abnormalities in
several other cerebral diseases, such as abscesses, tumour
and head trauma, widening even further the spectrum of
brain diseases where this sequence helps to address the
diagnosis. The reduction of the apparent diffusion coeffi-
cient (ADC) values depends on the disease studied, and it
might involve an increase in cell debris, cellularity, intra-
myelin and axonal oedema.
The neuroradiologist is often challenged by neurologists
and paediatricians with neuroimaging studies that document
white matter lesions characterised by ADC restriction.
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features, thereby preventing misdiagnosis and inappropriate
management.
Keywords Apparent diffusion coefficient (ADC) values.
MRI.DWIIn this pictorial we focused on different conditions
(pertaining to adult or child neurology) other than territorial
ischaemic stroke where DWI signal abnormalities and ADC
value reduction are confined within the white matter.
The DW images throughout the study were performed
with a b value of 800 or 1,000 s/mm
2.
Genetic and metabolic disorders
X-linked Charcot-Marie-Tooth disease (CMTX) is the
second most common form of inherited motor and sensory
demyelinating neuropathy next to the CMT Type 1A; it
accounts for approximately 10–20% of all hereditary
demyelinating neuropathies. It is associated with different
mutations in the protein connexin 32 (CX32), a gap
junction protein widely expressed in Schwann cells,
oligodendrocytes and neurons [1, 2]. Even if this disease
is considered a disorder of the peripheral nervous system,
some CX32-mutated subjects might present with acute onset
of central nervous system dysfunctions such as hemiparesis,
ataxia or aphasia associated with transient white matter
changes in the brain. In particular, neuroradiological MR
findings in the acute phase show symmetrical, largely
confluent cerebral deep white matter signal abnormalities,
predominantly in the posterior centrum semiovale, the
posterior limb of the internal capsule, the splenium of the
corpus callosum (Fig. 1) and sometimes in the middle
cerebellar peduncles [1–3]. Characteristically, U fibres are
spared and the lesions do not demonstrate contrast
enhancement [3]. Bilateral T2 and DWI signal abnormal-
ities might disappear within 1 week or might persist for
several months, unrelated to the clinical picture that often
appears clearly asymmetric and usually improves rapidly.
As ADC reduction might reverse after a few months,
signal abnormalities cannot be interpreted as simple
cytotoxic oedema, which usually lasts less than 2 weeks,
while the increase in the magnetisation transfer ratios is not
consistent with demyelination or oedema. As gap junction
dysfunctions may disrupt the diffusion of small molecules
and ions across myelin sheaths, the more likely explanation
of the reversible white matter lesions remains myelin
splitting and intra-myelin oedema with compression of the
extracellular spaces [4].
Maple syrup urine disease (MSUD) is a rare autosomic
recessive disorder caused by a deficiency of the branched-
chain α-keto acid dehydrogenase mitochondrial multi-
enzyme complex. A sudden metabolic decompensation
with encephalopathy occurs spontaneously or in concomi-
tance with minor illnesses; high concentrations of upstream
metabolites are thought to exert the neurotoxic effect.
Clinical presentation and outcome are heterogeneous; in
the classical phenotype the prognosis is very poor, and
untreated surviving children are left with psychomotor
retardation, spasticity, generalised dystonia and cerebral
blindness. In the classical neonatal form, which accounts
for about 80% of cases [4], brain MRI may provide a highly
suggestive pattern of lesions with a generalised cerebral
oedema and a striking increase in DWI and T2 signal
intensity in all areas that are already myelinated at birth
(Fig. 2). At microscopic examination the same areas
represent myelin splitting and intra-myelin vacuoles. These
peculiar histological changes are thought to explain the
observed reduction in ADC values and its reversibility.
Early diagnosis and treatment may normalise clinical and
neuroradiological abnormalities, although inter-current ill-
nesses throughout life may lead to further metabolic
derangements [4].
Menkes disease is an X-linked disorder caused by
defective copper-transporting adenosine triphosphatase,
which results in low levels of intracellular copper. Male
children are normal in the first 2–4 months of life, and then
present with loss of developmental milestones, hypotonia,
seizures and failure to thrive; these patients usually have
short, hypopigmented, kinked hair; death often occurs early
in childhood. Brain MRI might disclose diffuse brain
atrophy, subdural effusion, or haematoma and vascular
Fig. 1 A 23-year-old male patient affected by genetically proven X-
linked Charcot-Marie-Tooth disease presenting with acute onset of
aphasia andrighthemiparesis. Diffusion-weighted(a) and T2-weighted
images (c) at admission showed symmetrical confluent hyperinten-
sities in the posterior centrum semiovale and in the splenium of the
corpus callosum, with a coronal image resembling “moose horns”.
Apparent diffusion coefficient (ADC) maps (b) disclosed a restricted
diffusion of water molecules in the corresponding areas
156 Insights Imaging (2012) 3:155–164tortuosity. Asymmetrical localised white matter lesions
involving lobar white matter have been described [5, 6].
Recently, Lee et al. [7] reported that white matter lesions
are bright on DWI and present decreased ADC values
consistent with cytotoxic oedema (Fig. 3).
As in CMT and MSUD disease, the pathogenesis of these
findings is uncertain. According to Hsich et al. [8], the
tortuosity of the vessels might produce erratic and turbulent
blood flow, thus predisposing to deep white matter ischaemia
[8]. Alternatively, brain tissue abnormalities may be related
to a deficiency in ATP7A mitochondrial copper-containing
enzyme [9] with consequent energy failure.
Glutaric aciduria type 1 (GA-1) is a rare autosomal
recessive disorder caused by deficiency of the mitochondrial
enzyme glutaryl CoA dehydrogenase, necessary for the
metabolism of three essential amino acids: lysine, hydroxyly-
sine and tryptophan. The metabolic blocking of these amino
acids results in increased levels of glutaric acid and 3-hydroxy
glutaric acid.Because excessiveglutaric acid isprobably toxic
to the striatal cells, atrophy in these nuclei occurs with age
[10]. Patients may be asymptomatic or present with acute
metabolic decompensation and striatal necrosis, which often
leads to severe dyskinesia and cognitive impairment.
Magnetic resonance imaging findings in GA-1 include
wide cerebrospinal fluid spaces anterior to the temporal
lobes and within the sylvian fissure [11], subdural collec-
tions and brain atrophy. Oedema and increased T2 signal
intensity within both caudate heads and lentiform nuclei are
Fig. 2 Diffusion-weighted axial
images (superior row) and ADC
axial images (inferior row)
obtained in a newborn with a
biochemically confirmed classi-
cal form of maple syrup urine
disease. He was admitted with
severe encephalopathy and
coma. The myelinated areas
shown as symmetrical, markedly
high intensity signal on a
rather homogeneous brain
parenchyma depict the cortico-
spinal tract (a, b) and the
cerebello-pontine white matter
(c). Restricted diffusion of water
molecules is well demonstrated
by ADC images (d, e, f)
Fig. 3 An 8-month-old child
affected by Menkes disease.
Axial diffusion- (a) and T2-
weighted images (c) disclosed
bilateral asymmetric oval bright
white matter lesions in the
centrum semiovalis (arrows).
ADC maps (b) of the lesions
showed low intensity signal
Insights Imaging (2012) 3:155–164 157seen during metabolic derangement followed by necrosis
and shrinking of these structures [10].
In older children as well as in asymptomatic patients, a
peculiar and persistent DWI hyperintensity of white matter
with a peculiar strip-like involvement of the corpus
callosum has been noted. Within white matter lesions,
ADC values are reduced (Fig. 4).
No convincing, definitive explanation has yet been
found for the long persistence of these signal abnormalities.
Spongiform changes in the white matter sparing U fibres
have been demonstrated histopathologically [10].
Phenylketonuria (PKU) is a severe autosomal recessive
disorder due to phenylalanine hydroxylase deficiency [4,
12, 13] that strongly benefits from early diagnosis and
dietary treatment. Brain MR examination of adolescents
and adults discloses white matter abnormalities both in
untreated PKU patients and those treated early.
Typically, white matter lesions are occipital-parietal
periventricular signal abnormalities on T2 sequences and
are related to phenylalanine blood concentrations without
significant correlation with the neurological impairment.
Recently, restricted diffusion of water molecules has
been reported in the areas of white matter abnormalities [4,
12, 14, 15], appearing hyperintense on DWI in an otherwise
rather homogeneously grey brain parenchyma (Fig. 5).
These findings have been interpreted as cytotoxic oedema
because of a reduction in the Na+K+-ATPase activity [16]
or alternatively as dysmyelination with intra-myelin oede-
ma [16], but the long persistence of the signal abnormalities
does not support these hypotheses [16].
Vascular conditions
Watershed infarctions account for 0.7–3.2% of all strokes
[17] andmaybeconfinedtothedeepwhitematter.Intheacute
phase, MR examination may reveal peri-ventricular round foci
of restricted diffusion, with a “string of pearls appearance”
within the deep white matter (Fig. 6)[ 17]. Despite a multi-
focal bilateral appearance, all these lesions functionally
represent a single vascular territory between superficial
branchesanddeepperforatorsofcerebralarteries.Thisterritory
is particularly vulnerable in conditions of severely impaired
cerebral blood flow such as prolonged hypotensive events,
cardiac arrest with resuscitation and Moyamoya disease.
On MRI lesions might also be unilateral in the case of an
ipsilateral internal carotid artery occlusion or tight stenosis
Fig. 4 Axial diffusion- (a) and
T2-weighted images (c)o fa n
asymptomatic 26-year-old pa-
tient with type 1 glutaric acidu-
ria demonstrating the peculiar
strip-like involvement of the
corpus callosum due to signal
abnormalities in the median
genu of the corpus callosum
(arrows) and in periventricular
white matter (arrowhead). ADC
maps (b) revealed mildly re-
duced values in the affected
areas
Fig. 5 Magnetic resonance
images obtained in an asymp-
tomatic, phenylketonuric adult
who was treated early (plasmatic
phenylalanine levels of
729 μmol/l n.v. 44–66 μmol/l).
Axial diffusion-weighted (a)
ADC maps (b) and T2-weighted
images (c) showed periventricu-
lar white matter signal abnor-
malities predominantly in the
parieto-occipital regions
(arrows)
158 Insights Imaging (2012) 3:155–164or main intracranial artery stenosis, especially when
intracranial collateral flow is not compensatory (e.g.
because of the incompleteness of the circle of Willis).
Contrary to patients with territorial infarction, patients
with WI often do have a history of transient ischaemic
attacks, generally have better outcomes, and usually do not
benefit from thrombolysis.
Grey matter is known to be more vulnerable to diffuse
hypoxic-ischaemic injury than neighbouring white matter
[18], but recent reports have highlighted that white matter is
more sensitive to ischaemia than previously thought and
may be primarily involved, sometimes in an isolated
fashion [19, 20]. Global hypoxic-ischaemic encephalopathy
of the adult is generally secondary to prolonged cardiac
arrest, cardiac arrhythmias, drug overdose, respiratory
failure or carbon monoxide poisoning [21].
Even though prominent symmetrical, restricted diffusion
abnormalities (Fig. 7) have been described in the early
stages of diffuse hypoxic-ischaemic injury [21], white
matter abnormalities typically appear in the late-subacute
period (14–20 days) and may normalise thereafter.
Histologically, diffuse white matter abnormalities on MR
imaging have correlated with deep white matter vacuolar
degeneration and with adjacent axonal injury in normal-
appearing white matter [22].
The outcome is generally poor with only a minority of
patients regaining independent function [23].
Iatrogenic conditions
Pontine and extrapontine myelinolysis is a rare condition
elicited by hypo- or hyper-natraemia, especially when an
inappropriate (i.e. too fast) correction occurs.
Magnetic resonance imaging might show a characteristic
lesion, namely a trident-shaped signal change within the
pons with sparing of the tegmentum (pontine myelinolysis)
or symmetrical bilateral signal changes of the middle
cerebellar peduncles, of the cortico-spinal tract and of the
Fig. 7 Magnetic resonance images obtained during the subacute stage
of CO intoxication in a 47-year-old man with a history of heroin abuse
found unconscious at home. Diffusion-weighted (a), FLAIR (c) and
T2-weighted images (d) disclosed prominent, bilateral and symmet-
rical confluent hyperintensities in the centrum semiovalis that were
more evident in the fronto-parietal lobes (arrows). On ADC maps (b),
white matter lesions appeared moderately hypointense due to reduced
water diffusion. As CO intoxication and heroin-associated spongiform
leukoencephalopathy may produce similar MRI findings, both events
could have resulted in this peculiar MR picture in our patient
Fig. 6 A 53-year-old male pa-
tient affected by dissection of
the left internal carotid artery.
Axial diffusion (a) and T2-
weighted images (c) revealed
hyperintense foci in the subcor-
tical watershed territories in a
characteristic parasagittal chain-
like distribution (arrows). ADC
maps disclosed the cytotoxic
nature of the lesions (b)
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ysis) (Fig. 8)[ 17]. It might be difficult to differentiate
extrapontine myelinolysis from Wallerian degeneration
[24]. In fact, several case reports of pontine stroke present
with signal abnormalities in the middle cerebellar peduncles
[25]. However, in Wallerian degeneration signal abnormal-
ities are usually fainter compared with those of extrapontine
myelinolysis. Furthermore, an associated pontine lesion is
the key to a definitive diagnosis of Wallerian degeneration
of the ponto-cerebellar tracts [26].
Despite the term “myelinolysis”, several cases of
bilateral basal ganglia involvement have been reported.
DWI may show a variable decrease in ADC values, which
probably depends on the timing of the MR examination and
on the severity of white matter involvement.
Following an initial stage of diffuse encephalopathy, the
neurological sequelae are usually characterised by diffuse
cognitive deficits and extrapyramidal or cortico-bulbo-
spinal signs; however, a complete remission of neurological
symptoms can also be achieved. Variable T2 hyperintense
lesions with increased ADC values are usually found on
follow-up examinations, although complete regression of
the MR lesions is possible.
Methotrexate (MTX) is a cycle-specific antimetabolite that
inhibits the enzyme dihydrofolate reductase and is used for the
treatment of oncological disorders. MTX crosses the blood-
brain barrier and can be administered intravenously as well as
intrathecally to eradicate leukaemic cells from the CNS and to
prevent CNS recurrence in acute lymphocytic leukaemia.
Acute MTX neurotoxicity has been described in 3–10% of
cases and varies with dose, frequency and route of
administration [27–29]. The temporal relationship between
acute MTX neurotoxicity and induction ranges from 2 to
127 weeks [28], but it is most often seen 10–11 days after
intrathecal administrations of MTX. From a clinical point of
view acute MTX neurotoxicity may mimic a stroke and
present with aphasia or hemiparesis. Conventional MR
imaging shows bilateral T2 hyperintense lesions within the
deep fronto-parietal white matter [28]. DWI identifies the
white matter involvement earlier than other sequences (Fig. 9)
and reveals a variable decrease of ADC values probably due
to the derangement of folate and homocysteine metabolism.
DWI abnormalities and clinical symptoms usually resolve
within a few days even when T2 abnormalities persist.
Non-iatrogenic toxicity
Inhalation of heroin vapour, a practice known as “chasing
the dragon”, can cause a specific leukoencephalopathy. The
pathophysiological mechanism seems to be selectively acti-
vated by substances originating during the heating of heroin.
Symptoms usually occur withinsome days afterthelast heroin
consumption and are first dominated by cerebellar deficits.
Characteristically, heroin-induced leukoencephalopathy
appears as symmetrical T2 and DWI hyperintense lesions
involving the cerebellar white matter, the posterior limbs of
the internal capsule, the splenium of the corpus callosum
and the posterior cerebral white matter [30]. Sub-cortical U
fibres are usually spared (Fig. 7)[ 30]. A decrease in the
ADC values and the absence of contrast enhancement
further characterise the affected areas, whereas a spongi-
form demyelination is considered the histological substrate.
Clinical and neuroradiological pictures may slowly improve
if the patients are treated promptly; otherwise manifest
severe neurological impairment and death occur.
Fig. 8 Axial diffusion-weighted (a), ADC maps (b)a n dT 2 - w e i g h t e d( c)
images at the level of the pons (left images) and basal ganglia (right
images) obtained in a 54-year-old man who developed impaired
consciousness after rapid correction of severe hyponatraemia. Diffusion-
weighted and T2-weighted images revealed white matter hyperintensities
that were more evident in the middle cerebellar peduncles (arrows) and in
the cortico-spinal tract (arrowheads) consistent with osmotic extrapontine
myelinolysis. ADC values were mildly decreased
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Diffuse axonal injury (DAI) accounts for 50% of all
primary intra-axial traumatic brain injuries. These lesions
can be both haemorrhagic and non-haemorrhagic, and are
caused by differential linear and rotational accelerations of
the cortex in relation to the underlying deep brain
structures.
Besides multi-focal punctuate haemorrhages at the
fronto-temporal cortico-medullary junction, deep grey
matter and upper brainstem, isolated DWI signal abnor-
malities of the corpus callosum may also be found. The
splenium and the undersurface of the posterior body are
mainly involved (Fig. 10)[ 31] due to the presence of the
falx cerebri.
Signal abnormalities are thought to be due to traumatic
axonal stretching with consequent depolarisation and
cellular swelling [31]. ADC abnormalities may also
represent Wallerian degeneration secondary to proximal
neuronal death or axonal disconnection [29] and may
therefore appear in the subacute phase.
MostDAIlesions(80%)are microscopic [31]s ot h a tt h o s e
visible on CT or MRI are just the tip of the iceberg: this fact
might explain the poor correlation between neuroimaging
and the clinical picture after a head trauma [32].
Demyelinating disorders
Multiple sclerosis (MS) is a chronic, multifocal, immuno-
mediated inflammatory demyelinating and degenerative
disorder of the central nervous system of unknown
aetiology. MS lesions, known as plaques, typically appear
as periventricular, ovoid white matter abnormalities per-
pendicular to the ventricles, along the path of the deep
medullary veins.
On MRI the plaques are T2 hyperintense and show
variable contrast enhancement. DWI usually discloses high
ADC values in the plaque core due to prevailing inflam-
matory changes with vasogenic oedema or gliosis with
myelin and axonal loss. Reduced ADC values may be
found peripherally in acute MS lesions (Fig. 11)[ 33].
Electron microscopy studies have shown the presence of
Fig. 9 This 14-year-old girl affected by acute lymphocytic leukaemia
and treated with intrathecal MTX acutely developed hemiparesis and
aphasia. Axial diffusion-weighted (a), FLAIR (c) and T2-weighted
images (d) showed bilateral T2 hyperintense lesions within the deep
fronto-parietal white matter (arrows). ADC maps (b)p r e s e n t e d
reduced diffusivity. The neurological deficits and the DWI/ADC
abnormalities resolved completely within 1 week, while slight T2
hyperintensities persisted on follow-up examinations
Fig. 10 Axial MR images
obtained in a child with a head
injury at the level of the lateral
ventricles. The midline of the
splenium of the corpus callosum
presented diffusion-weighted (a)
and T2-weighted (c) hyperin-
tensity (arrows) with reduced
ADC values on ADC maps (b)
consistent with diffuse axonal
injury
Insights Imaging (2012) 3:155–164 161inflammatory infiltrates of lymphocytes and lipid-engulfing
macrophages, swollen oligodendroglia, which could ac-
count for the ADC decrease [33]. Very rarely, acute plaques
might present a homogeneous reduction in ADC values,
which could suggest a diagnosis of stroke rather than an
acute episode of MS [34]. However, according to our
experience, concomitant lesions with increased ADC values
are typically detected in these cases [34] and the cytotoxic-
like lesions usually present components of increased ADC
values as well [33, 34].
Other conditions
Focal reversible lesions of the splenium (RSL) of the
corpus callosum (Fig. 12) have been recently reported in
several miscellaneous conditions such as viral encephalitis,
encephalopathies, seizures, antiepileptic and anticancer
drug administration [35, 36]. A few DWI studies [36, 37]
have shown transitory restricted diffusion, but its aetiology
and pathophysiology remain enigmatic. As a matter of fact,
the proposed excitotoxic mechanism due to increased
extracellular glutamate with consequent intramyelinic oe-
dema [36] does not fully explain its detection in poorly
myelinated brain such as in newborns with mitochondrial
genetic disorders [38].
Clinically, RSL can present with seizures, confusion,
ataxia, drowsiness, coma, headache and delirium, while the
expected, specifically splenium-related deficits (visual
simultanagnosia, hemialexia, unilateral agraphia and unilat-
eral apraxia) are often difficult to evaluate.
Isolated corpus callosum lesions without concomitant
parenchymal lesions usually regress rapidly, leading to
complete clinical and neuroradiological recovery regardless
of their cause [35, 36].
Conclusions
The literature ripens with diversified causes of areas of
ADC restriction in the brain parenchyma: a few genetic,
metabolic, iatrogenic, traumatic, infectious and vascular
conditions can present with selective involvement of white
matter with DWI hyperintense lesions and decreased ADC
values. The neuroradiologist is often unnerved by the
diagnostic challenges suggested by the clinician, as clinical
history and course are not always disease-specific. In this
setting, some suggestive or specific DWI MR patterns may
provide powerful clues that can help in addressing the
diagnosis and in tailoring treatment (Table 1).
Fig. 12 A 32-year-old male patient admitted with partial seizures
secondary to antiepileptic drug withdrawal. Axial FLAIR (superior
row) and sagittal T2-weighted images (inferior row). At onset MRI
examination (a) revealed increased signal intensity in the central area
of the splenium of the corpus callosum (white arrowheads); 1 month
later (b) the lesion had disappeared
Fig. 11 A 30-year-old female
patient affected by relapsing-
remitting multiple sclerosis
(MS) presenting with a large
demyelinating plaque in the
right centrum semiovale. This
atypical MS lesion appears hy-
perintense on diffusion-
weighted (a) and T2-weighted
(c) axial images with predomi-
nant ADC restriction (b)
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